We report the magnetic properties of Mg 0.2 Co 0.2 Ni 0.2 Cu 0.2 Zn 0.2 O, a high-entropy oxide with rocksalt structure, and the influence of substitutions on these properties. From the magnetic susceptibility and neutron diffraction measurements, we found that this compound exhibits long-range magnetic order below 120 K despite the substantial structural disorder. The other rocksalt-type high-entropy oxides with various chemical substitutions were found to host either an antiferromagnetic order or spin-glass state depending on the amount of magnetic ions. The presence of magnetic order for such a disordered material potentially provide a route to explore novel magnetic properties and functions.
Akin to the high entropy alloys known for over a decade 1 , stabilization of new phases associated with configurational entropy was shown to manifest in oxides with rocksalt structure 2 .
The first entropy-stabilized oxide Mg 0. 2 2 . The compound showed a reversible phase transformation between the single rocksalt phase and multiphase state depending on temperature, indicating the critical role of entropy in the formation of a face-centered-cubic (FCC) lattice of randomly distributed 5 cations.
It is likely that similar stabilization can be realized in other classes of compounds. Indeed, the syntheses of entropystabilized oxides with perovskite 3 and fluorite structures 4 have been achieved recently. Besides oxides, entropystabilization has been applied to other ceramics such as borides 5 and carbides 6 . In addition, pioneering efforts for developing other synthetic methods of these compounds have already been reported [7] [8] [9] . We wish to underline here that a reversible phase transformation, similar to the one shown by Rost et al. 2 , should be observed if the materials are actually stabilized by entropy, contrary to formation of a simple multicomponent solid solution.
Shortly after the initial report of entropy-stabilized oxides, which we call high-entropy oxides (HEOx), we showed that chemical substitutions onto HEOx is possible, for example by replacing one of the divalent cations with 1:1 mixture of monovalent and trivalent ions, which has greatly increased the compositional space 10 . These compounds are not only intriguing in terms of physical or solid-state chemistry, but also appeared to possess novel functions. For example, the rocksalt-type HEOx were shown to display colossal dielectric constant 10 and, in the case of alkali-doped compounds, high ionic conductivity 11 . They have been also turned out to have high-capacity for Li-ion storage 12, 13 .
So far, the magnetic properties of HEOx have been barely investigated 14 despite the presence of magnetic ions such as Co 2+ and Ni 2+ . The magnetic interactions in HEOx are potentially quite complex because of the random distribution of magnetic ions with different electron configurations, and, at a glance, they are expected to display a spin-glass-like state as a consequence of strong structural disorder. As opposed to such a naïve view, we disclose in this paper that the rocksalt-type prototypical HEOx, (MgCoNiCuZn)O, exhibits long-range magnetic ordering in spite of the strong disorder of cations. Additionally, magnetic ground states of rocksalttype HEOx with various compositions were found to be either long-range magnetic order or spin-glass depending on the content of magnetic ions. The magnetic properties of HEOx can thus be finely tuned by varying their composition. We have synthesized the series of rocksalt-type HEOx as listed in Table I . All samples were synthesized from binary oxides and carbonates, MgO, Co 3 O 4 , NiO, CuO, ZnO, Li 2 CO 3 , Fe 2 O 3 and Ga 2 O 3 . These starting chemicals were mixed in stoichiometric amounts and then pressed into pellets, which were heated for 12 h at 1000 • C in air. Finally, they were quenched to room temperature.
X-ray diffraction measurements were performed with a Panalytical X-Pert instrument equipped with incident Ge monochromator and a copper tube (K α1 ) and X'celerator detector. Magnetization measurements were conducted by using Magnetic Properties Measurement System (MPMS, Quantum Design) from 5 K to 350 K. The measurements up to 700 K were performed in MPMS3 (Quantum Design) with an oven option. Heat capacity measurements were done with a relax- Table I . List of high-entropy oxides studied in this paper. All compounds crystallize in rocksalt structure (Fm3m). Table I from (a) to (h) respectively. The arrows indicate the shift of T F . length λ = 2.42 Å. The diffraction patterns were obtained between 1.7 and 150 K in the scattering angle 2θ ranging from 4.5 to 135.7 • . Rietveld refinements of the diffraction data were carried out with the program Fullprof 15 . In the refinement of magnetic structure we used the magnetic form factor of Cu 2+16 .
The X-ray diffraction patterns shown in Fig. 1 indicate that the obtained samples are almost single phase of rocksalttype oxides. Previous X-ray photoelectron spectroscopy 10 , and electron paramagnetic resonance (EPR) 17 measurements showed that the oxidation states of ions are Mg 2+ , Ni 2+ , Cu 2+ , Zn 2+ , Li + , Ga 3+ , Fe 3+ and Co 2+ (for undoped samples). In our current study the Co 2+ ion was found to be in a high-spin state by EPR, which was also suggested by the electronic structure calculations. 18 . Thus, the electronic configurations of cations that have a total spin different from zero are 3d 5 (S = 3/2) for Fe 3+ , 3d 7 (S = 3/2 and l = 1) for Co 2+ , 3d 8 (S = 1) for Ni 2+ , and 3d 9 (S = 1/2) for Cu 2+ , respectively.
Magnetic susceptibility χ(T ) of (MgCoNiCuZn)O mea-sured at 1 kOe, shown in Fig. 2(a) , displays a Curie-Weiss behavior on cooling from room temperature, and a cusp was seen at around T mag ∼ 120 K. The Curie-Weiss fit at high temperatures shown in the inset of Fig. 2(a) Below T mag , χ(T ) shows a small bifurcation between zerofield-cooled (ZFC) and field-cooled (FC) curves. On the other hand, the real part of AC magnetic susceptibility χ (T ) displays a broad peak around T mag without any frequency dependence as shown in Fig. 3(a) . This suggests the ground state of (MgCoNiCuZn)O is an antiferromagnetically ordered state rather than a glassy state, despite the large chemical disorder, and the small bifurcation in χ(T ) that likely originates from a small amount of impurities or orphan spins near defects.
The presence of long-range magnetic order was corroborated by neutron diffraction measurements. Fig. 4(a) shows the powder diffraction patterns above and below T mag . At T = 150 K > T mag , the peaks of diffraction pattern can be indexed with the nuclear reflections of rocksalt-type structure (Fm3m). At T < T mag , the appearance of new peaks was clearly observed. The strongest one at 2θ ∼ 28.8 • can be indexed with ( 2 ) reflection as a function of temperature shows an orderparameter behavior below T mag , suggesting a development of long-range magnetic order [ Fig. 4(c) ]. The power-law fit, a = a o t 2β where t = |T N − T |/T N 20,21 , yields the Neel temperature T N = 135(4) K. The diffraction pattern at 1.7 K in Fig.  4(a) was refined by assuming a magnetic structure similar to that of NiO where ferromagnetically-coupled (111) planes are stacked antiferromagnetically along the 111 direction 22 . The refinement of the magnetic structure converges satisfactorily, yielding the ordered moment of 0.83(1)µ B /cation lying in the (111) plane [see the caption of the Fig. 4(a) for the result of refinement].
Although the long-range magnetic order of (MgCoN- iCuZn)O was evidenced in the neutron diffraction, no anomaly was seen in heat capacity C p (T ) at T N as shown in Fig. 5 . This fact suggests the strong fluctuation of magnetic moments. That is, the short-range magnetic correlations develop well above T N , but the disorder and/or magnetic frustration suppress a formation of long-range magnetic order. The presence of frustration is expected for the FCC lattice of magnetic ions in a rocksalt structure. Indeed, the ratio of Curie-Weiss temperature and magnetic transition temperature, f = |θ CW |/T N ∼ 2, points to a moderate frustration.
The canonical HEOx, (MgCoNiCuZn)O, was therefore found out to exhibit long-range antiferromagnetic order despite the presence of strong disordering of cations. The variation of rocksalt HEOx can be obtained by replacing one of cations with, or by adding, the 1:1 mixture of monovalent and trivalent cations such as Li + -Ga 3+ or Li + -Fe 3+ as shown in Fig. 1 and listed in Table I . χ(T ) of these HEOx are shown in Table II ); χ(T ) of the ZFC curve shows a cusp at T mag , while that of FC process increases monotonically on cooling. χ (T ) of those HEOx shows a peak at the temperature where the bifurcation of χ(T ) is observed. The peak temperature slightly shifts to a higher temperature by increasing the frequency of AC magnetic fields [see Fig. 3(e)-(g) ]. These suggests a glassy state in these HEOx in contrast to the ones with three magnetic ions. The appearance of glass-freezing can be attributed to the disconnected magnetic exchange paths because of the reduced content of magnetic ions. The isolated magnetic domains likely give rise to a magnetic cluster-glass behavior. Fig. 2(a) or (d) ] with a cusp at T mag ∼ 100 K, χ (T ) of this sample exhibits a small frequency dependence around T mag . The presence of Fe 3+ , a magnetic ion with different valence state, may provide further disorder in the exchange paths. In order to pin down the magnetic ground state, the neutron diffraction should be required as in (MgCoNiCuZn)O.
The magnetic structure of rocksalt HEOx seems similar to those of binary NiO or CoO. In case of CoO, structural distortion to a monoclinic structure is seen below T N 23 , accompanied by complex magnetic propagation vectors 24 . The neutron diffraction of (MgCoNiCuZn)O did not show a clear structural distortion at low temperatures, but high-resolution diffraction measurements may be required to clarify the low-temperature crystal structure.
Despite the seemingly similar magnetic properties with binary rocksalt oxides, the magnetic transition temperatures are substantially reduced in the HEOx. This could be understood as a consequence of diluted magnetic ions compared with the binary systems. In addition, HEOx have randomly distributed cations in the FCC lattice, and the different or like-magnetic ions are located next to each other where the magnitude, and even sign, of magnetic exchanges can vary depending on the pairs. This should result in randomly distributed strengths of magnetic exchanges. The presence of magnetic order with a clear cusp in χ(T ) is rather surprising in such a structurally and magnetically randomized system, and is worthy for further investigations. Furthermore, the magnetism of HEOx may provide novel functions as in the recent developments of electric or chemical properties. For example, combined with the colossal dielectric properties, magnetic control of dielectric properties may be realized through magnetodielectric coupling.
In conclusion, the magnetic properties of rocksalt-type HEOx were studied by magnetic and thermodynamic measurements. The prototype material (MgCoNiCuZn)O was found to display a long-range magnetic order in spite of the structural disorder of randomly distributed magnetic ions. This agrees with ref. 14 . The magnetic ground states can be tuned by chemical substitutions. The presence of magnetic order in rocksalt-type HEOx is not only fundamentally intriguing, but we expect that it potentially leads to novel magnetic functions as in the recently-discovered functions of HEOx. We also presume that similar magnetic properties can be realized in HEOx with different structural motifs.
During the preparation of this manuscript, we noticed a related work which gave a similar conclusion to this work 25 .
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